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The origin of the electroweak (EW) scale has been a big question in particle physics, and
the stability of the EW vacuum towards possible quantum corrections became a more serious
problem than ever owing to the discovery of the Higgs boson. Since the results at the Large
Hadron Collider (LHC) suggest the existence of the Higgs-Vector-Vector coupling [1, 2], it is
very natural to consider that the observed Higgs boson is associated with a field that has a
vacuum expectation value (VEV). Thus, it should be related to the EW symmetry breaking
(EWSB). Such a boson, however, can easily destabilize the EW vacuum because the quantum
corrections to its mass term are quadratically divergent and are not controlled only by the
symmetries of the standard model (SM). This means that any heavy particle that couples to
the SM sector can contribute to the Higgs mass term through loop diagrams. These corrections
are naturally of the order of the heavy particle mass and the Higgs VEV would become such
large. Furthermore, we expect that the quantum field theory breaks down around the Planck
scale, the quadratic divergence of the Higgs mass would be cut off at such a high scale. Thus,
at least, we have to manage the hierarchy between the EW scale and the Planck scale and this
problem is called the gauge hierarchy problem [3].
Supersymmetry (SUSY) is a promising candidate for physics beyond the SM, serving a
solution to the gauge hierarchy problem. It is a symmetry between a fermion and a boson
having the same mass and quantum numbers. Since the fermion mass is protected by the chiral
symmetry, SUSY can control the scalar mass by relating them. Furthermore, there are other
motivations to incorporate SUSY; several realistic SUSY models include viable dark matter
(DM) candidates and improve the unification of the gauge coupling constants.
Viable SUSY models should include SUSY breaking terms to make SUSY particles heavy
and to break the EW symmetry. The SUSY breaking terms that do not reintroduce quadratic
divergences are called the soft SUSY breaking terms. Because the Higgs potential is described
by some of them, the scale of SUSY breaking should be close to the EW scale to avoid a
fine-tuning among these parameters.
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The simplest model including the SM is called the Minimal Supersymmetric SM (MSSM).
It includes the SM particles and their superpartners but with two Higgs doublets to cancel
anomalies. There is a SM-like Higgs boson in the MSSM and its mass is, at most, the Z boson
mass at the tree level. It then receives large radiative corrections from the mass gap between
the top quarks and the scalar tops (stop) and can become larger than 100 GeV even with a few
hundred GeV stop mass.
In the MSSM, however, it is difficult to explain the 126 GeV Higgs mass naturally because
it requires very large stop masses around 7 TeV or a large stop mixing parameter [4]. Since the
stops strongly couple to the Higgs bosons, their masses and mixing parameter contribute to the
Higgs mass parameters through loop diagrams. Thus, such large parameters of the stops would
cause the little hierarchy problem, which is a hierarchy problem between the SUSY breaking
scale and the EW scale.
The experimental constraints on the stops are much weaker than what is implied by the
Higgs mass. It is still allowed to have 200 GeV stop mass if it is nearly mass degenerate with
the lightest supersymmetric particle (LSP) [5–12]. Thus, it is very important to increase the
Higgs mass so that we can keep superparticles light.
The Higgs mass can be increased by simply adding a singlet supermultiplet. The singlet
can couple to the Higgs bosons and a new Higgs-fermion-fermion coupling forces the Higgs
bosons to have additional quartic coupling to cancel quadratic divergences. Since the Higgs
mass squared is proportional to the quartic coupling, the Higgs boson becomes heavier than
that of the MSSM. Furthermore, when the singlet boson is lighter than the Higgs boson, the
mixing between the singlet boson and the Higgs boson can push up the Higgs mass.
In this thesis, we focus on the singlet-doublet mixing. This is because, without it, we need
a large coupling of the singlet and the Higgses, an appropriate ratio of Higgs VEVs and small
mixing angles simultaneously to realize the 126 GeV Higgs mass. Thus the allowed parameter
region is very limited in such a case. The singlet-doublet mixing can cure this situation with
an additional contribution to the Higgs mass and thus is very important. Furthermore, the
singlet-doublet mixing has a great impact on the Higgs phenomenology such as the production
cross section, the branching ratios and the invisible decay width of the Higgs boson as well as
the Higgs mass. They will be measured more precisely at the LHC and future colliders and
give important implications on model parameters.
Investigating the effects of the Higgs mixing taking into account the current experimental
constraints, we present two results in this thesis: one is about the mass of the fermionic partner
of the Higgs boson (higgsino) and the other is about the Higgs mass in the presence of invisible
decays.
First, we show the former result. We point out that there is a strong relation between the
higgsino mass and the Higgs mixing in a generic singlet extension of the MSSM. This is because
the Higgs mass matrix includes the higgsino mass parameter in a specific way and we can read
it off model-independently. Then, we demonstrate that light higgsinos around a few hundred
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GeV are expected when the singlet-doublet mixing dominantly raises the Higgs mass [13].
Second, we show the latter result. We investigate the case where there is no Majorana
mass term of the singlino, which is expected in several models. In this case, the LSP becomes
singlino-like and it obtains a small mass around a few GeV through the mixing with the neutral
higgsinos. Thus the Higgs boson and the Z boson can decay into a pair of the LSP and even
into the LSP and the Next-to-LSP (NLSP). They are constrained because the decay width of
the Z boson is measured precisely at the LEP and the that of the Higgs boson is constrained by
the recent LHC results. We show that even with such a very light LSP, the Higgs mixing can
increase the Higgs mass by 3 to 7 GeV compared to the Higgs mass without the Higgs mixing,
evading all the experimental constraints [14].
1.2 Outline
In the next Chapter, we shortly review the MSSM and its difficulties. After that, we clarify
our standpoint and the aim of this thesis in Chapter 2.4. Then in Chapter 3, we provide an
overview of singlet extensions focusing on the Higgs mass and the Higgs couplings. In Chapter
4, we summarize the experimental constraints that are relevant to singlet extensions. Our main
results are given in Chapter 5 and 6. In Chapter 5, we show that there are relations among the
Higgs mixing parameters and the higgsino mass. Then, we demonstrate that light higgsinos are
expected when the singlet-doublet mixing mainly pushes up the Higgs mass. In Chapter 6, we
investigate the LSP and the Higgs properties with a very light singlino-like LSP. We show that
we can increase the Higgs mass by 3 to 7 GeV through the singlet-doublet mixing even with
the presence of the very light LSP. Finally, we summarize the thesis in Chapter 7.
Chapter 2
The MSSM and the Aim of This
Thesis
2.1 The Minimal Supersymmetric Standard Model
To supersymmetrize the SM, we need to include the superpartners of the SM particles, which
have the same quantum numbers but different spins. In addition to them, we need another
Higgs supermultiplet in order to cancel gauge anomalies and to give masses to both the up-type
and the down-type SM fermions. We name the new particles with prefix “s-” for the scalars
and suffix “-ino” for the fermions, e.g. the stop and the gluino. We use a character with a tilde
ϕ̃ to denote the superpartner of a SM particle ϕ. The minimal model is called the Minimal
Supersymmetric Standard Model (MSSM) and its particle contents are summarized in Table
2.1.
With only the SM gauge symmetries, we would have the baryon and the lepton number
violating operators such as ūd̄d̄ and HuL, and protons would decay promptly. The simplest
way to forbid these terms is to impose R-Parity, which is defined by
PR = (−1)3(B−L)+2s. (2.1)
Here B, L and s are the baryon number, the lepton number and the spin of a particle, respec-
tively.
The superpotential of the MSSM is then given by
W = ūyuQHu − d̄ydQHd − ēyeLHd + µHuHd, (2.2)
where yu,yd and ye are the up-, down- and lepton-Yukawa matrices, and µ is a constant having
dimension 1. The SU(2)L indices should be contracted in a gauge invariant way, e.g. HuHd
represents HαuH
β
d ϵαβ with anti-symmetric tensor ϵ12 = 1. Note that the Yukawa couplings in
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Chiral Supermultiplets (Qi, Q̃i) (ūi, ˜̄ui) (d̄i,
˜̄di) (Li, L̃i) (ēi, ˜̄ei) (Hu, H̃u) (Hd, H̃d)
(SU(3)C , SU(2)L)U(1)Y (3,2)1/6 (3̄,1)−2/3 (3̄,1)1/3 (1,2)−1/2 (1,1)1 (1,2)1/2 (1,2)−1/2
Vector Supermultiplets (g, g̃) (W, W̃ ) (B, B̃)
(SU(3)C , SU(2)L)U(1)Y (8,1)0 (1,3)0 (1,1)0
Table 2.1: Particle contents of the MSSM. Chiral supermultiplets are composed of Weyl fermions
and complex scalars. Meanwhile, vector supermultiplets are composed of gauge bosons and
Weyl fermions.











where tanβ = ⟨H0u⟩/⟨H0d⟩.
Since we have not discovered any non-SM particles, we have to break SUSY. The SUSY
breaking terms that do not cause quadratic divergences are called the soft SUSY breaking terms









˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eaeL̃Hd + c.c.
)
− Q̃†m2QQ̃− L̃†m2LL̃− ˜̄um2u ˜̄u† − ˜̄dm2d ˜̄d† − ˜̄em2e ˜̄e†
−m2Hu |Hu|
2 −m2Hd |Hd|
2 − (bHuHd + c.c.). (2.4)
2.2 The µ-problem
The µ-problem is a problem of the initial value of a supersymmetric mass parameter, µ. We
naively expect that µ would take a large value such as the scale of grand unified theories (GUT),









tan2 β − 1
− |µ|2, (2.5)
such a large µ-term induces a severe fine-tuning among these parameters and it is against the
original motivation of SUSY.
One might think that this problem could be solved if it is absolutely zero. However, it is,
in fact, not allowed for phenomenological reasons; it would make the lightest chargino unac-
ceptably light and a dangerous axion would appear. Thus, we need a very small but non-zero
µ, but the MSSM does not have any explanation why it is originally small and this problem is
1When there is no singlet in the theory, non-holomorphic breaking terms such as H∗uQ̃d and H
∗
d Q̃u are known
to be soft. However, they are very small in the usual mediation mechanisms and are ignored in most cases.
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called the µ-problem.
2.3 The little hierarchy problem
Recent results at the LHC show that the Higgs boson has a mass around 126 GeV and SM-like
couplings to the SM particles. The current value of the Higgs mass is [2, 15]





−0.15(syst.) GeV (CMS). (2.7)
In the MSSM, we have a SM-like Higgs boson but its mass is very limited. At the one-loop
level, its mass is given by
m2
ĥ



















= mt̃1mt̃2 and Xt = (At − µ cotβ)/mt̃. Here mt̃1 and mt̃2 are the mass eigenvalues
of the stops. More accurate calculation is available with public codes and Fig. 2.1 shows the
3-loop calculation of the Higgs mass with mA = M2 = µ = 1000 GeV, mg̃ = 1600 GeV and
tanβ = 10. The figure is taken from [4].
In order to get the observed Higgs mass, we need either a large stop mass around 7 TeV or
a large A-term of about twice of the stop mass as is clear from Fig. 2.1.
However, since the stops strongly couple to the up-type Higgs boson, such a large stop
mass or a large A-term affects the Higgs mass term through the renormalization group (RG)











where Λmed. is the scale where a SUSY breaking is mediated, which can be the GUT scale or
the Planck scale. Since the large log compensates the loop factor, m2Hu tends to have the same
mass scale as m2
t̃




well as µ. The fine-tuning problems that are associated with the hierarchy between the SUSY
breaking scale and the EW scale, are called the little hierarchy problem.
In addition, it is usually difficult to get a large Xt(≃ At/mt̃). One reason is that At has
an infrared (IR) fixed point at At = 0 if the gaugino masses are set to zero. Thus, it becomes
small at a low energy even though one takes a very large At at the beginning. Meanwhile, large
gaugino masses contribute to both mt̃ and At. Thus again, it is difficult to get large At/mt̃
even though one takes large gaugino masses.
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Figure 2.1: The 3-loop calculation of the Higgs mass in the MSSM with mA =M2 = µ = 1000
GeV, mg̃ = 1600 GeV and tanβ = 10. The figure is taken from [4].
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2.4 Models beyond the MSSM and the Aim of This Thesis
In order to solve the problems in the MSSM, we need to go beyond the MSSM. We summarize
the possible solutions to them and clarify our standpoint in this chapter.
To solve the µ-problem, we need to find the origin of the µ-term. There are several ways to
generate it. One is to introduce a singlet2 and its VEV generates an effective µ-term similarly to
the SM fermion masses. Another is to use non-renormalizable operators and the Peccei-Quinn
symmetry breaking [16,17]. This is feasible because F 2a /MPl lies around the weak scale, where
Fa ∼ 1010−1012 GeV is the axion decay constant. For example, we can useW ⊃ X2HuHd/Mpl
with the PQ symmetry breaking field X.
To solve the little hierarchy problem induced by the shortage of the Higgs mass, we need new
particle(s) that couple to the Higgs bosons. They can be gauge vector supermultiplets or chiral
supermultiplets. When we include a new gauge symmetry, there appears an additional D-term
contribution to the Higgs mass. The new gauge symmetry can be, for example, U(1) [18–20]
or SU(2) [21,22]. As for the chiral case, there are mainly two ways to increase the Higgs mass.
One is to add a SM-gauge singlet or a SU(2)L triplet [23, 24] that directly couples to HuHd,
giving a F -term contribution to the Higgs mass. The other is to add heavy 4th generation
particles, which contribute to the Higgs mass radiatively in the same way as the top quark and
the stop.
In this thesis, we concentrate on the case where the MSSM is extended with a singlet
supermultiplet. Being the simplest extension, it can solve both of these problems. Furthermore,
since the singlet interacts only with the Higgs bosons, experimental constraints are rather weak
compared to, e.g., the Z ′ or the 4th generation particles.
Since the singlet particles can be lighter than the Higgs boson, they affect the properties
of the SM-like Higgs boson such as production cross sections, branching ratios and invisible
decay width as well as the Higgs mass. The ATLAS and the CMS experiments continue to
improve the measurements of the Higgs properties and they should have implications on the
model parameters.
The aim of this thesis is to discuss phenomenological features that are expected from the
current experimental data especially when there are light singlet particles. Knowing that the
Higgs boson is heavier than what is expected in the MSSM, we need to explain the Higgs mass
without a severe fine-tuning in the Higgs sector. A lighter singlet boson than the Higgs boson
can positively contribute the Higgs mass through Higgs mixing, changing the signal strengths
of the Higgs boson. Since the experiments at the LHC measured the signal strengths of the
observed Higgs boson, it is now important to analyze the phenomenology of Higgs mixing and
this is what we will do in this thesis.
2One might think also a SU(2)L triplet VEV can generate an effective µ term, but it is severely constrained
by the constraint on the ρ-parameter.
Chapter 3
Singlet Extensions of the MSSM
The simplest way to extend the MSSM is to add a SM gauge singlet S [25–30]. It drastically
changes the Higgs sector and gives solutions to the problems in the MSSM. Furthermore, the
neutralino sector is modified to include the singlino, which changes the phenomenology of the
Higgs boson and dark matter.
In the MSSM, the tree-level quartic couplings of the Higgs bosons come only from the D-
terms associated with SU(2)L and U(1)Y , which is why the Higgs mass is very limited. However,
since the singlet can couple to the Higgs bosons as
W = λSHuHd + · · · , (3.1)
there appears a new F -term potential, which is given by
VFS =
∣∣∣∣∂W∂S
∣∣∣∣2 = |λHuHd + · · · |2. (3.2)
Here λ is a coupling constant. It includes a quartic coupling of the Higgs bosons and thus
contributes to the Higgs mass. The tree-level Higgs mass is then modified as
m2h|tree = m2Z cos2 2β + λ2v2 sin2 2β, (3.3)
with v = (2
√
2GF )
−1/2 ≃ 174 GeV. It is worth noting that the new contribution is proportional
to sin2 2β so that it compensates the D-term contribution. If λ is larger than about 0.5, the
tree level mass can be larger than mZ , particularly at small tanβ.
In addition to the F -term contribution, there are other contributions to the Higgs mass
from singlet-doublet Higgs mixing and radiative corrections. The details will be discussed later
in this chapter.
The singlet is also a key to solve the µ-problem. First of all, we forbid the original µ-term.
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However, after the singlet develops a VEV, an effective µ term is generated as
µeff = λ⟨S⟩. (3.4)
This is not a complete solution because we need to ensure the singlet VEV is close to the EW
scale. It can be naturally realized in several models. The simplest example is the (Z3-invariant)
Next-to-MSSM, where there are no supersymmetric dimensionful parameters so that the scale
of the singlet VEV is set only by the soft terms.
3.1 General Lagrangian
Let us first define the Lagrangian and several parameters. We use a general model to give an
overview of the singlet extensions, which is sometimes called the General NMSSM [31].
Since λSHuHd is the only renormalizable coupling to the MSSM particles, extensions of the
MSSM with one singlet are classified by the singlet potential.
The most general superpotential and the soft terms can be expressed as
W = (MSSM Yukawas) + λSHuHd + f(S), (3.5)
Lsoft = LMSSMsoft |b=0 − (λAλSHuHd + c.c.)− f̃(S, S∗) (3.6)
in an appropriate basis of the fields with a canonical Kähler potential. Here,


















with coupling constants ξF , µ
′, κ, λ,m2S , ξS ,m
′2
S , Aκ and Aλ. These functions will be further
constrained if one specifies a concrete model.
When some of the coupling constants are complex, there can be a tree-level CP violation in
the Higgs sector, which is always absent in the MSSM. In this thesis, we assume the parameters
in the superpotential, the soft terms and the singlet VEV are real, for simplicity.
Note that we can always set the µ-term and the b-term to zero by the redefinition of
superfield S and the coupling constants in f and f̃ :
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Here the last term in f ′(S) comes from the shift in the Kähler potential.
3.2 EW Conditions
Let us review the EW conditions. The procedure is similar to the MSSM case but there
are several differences. The inclusion of the singlet would realize a charge breaking vacuum
or create another deeper vacuum far away from the EW vacuum. Furthermore we need to
determine all the three VEVs by solving three simultaneous tadpole equations, i.e. ∂V/∂ϕ = 0
with ϕ = Hu,Hd, S. Since it is usually difficult to solve these equations, we fix the VEV of S
and assume it is at the global minimum in this thesis.
In order to break the EW symmetry, we need
(m2Hu + µ
2)(m2Hd + µ
2) < b2 OR m2Hu +m
2
Hd
+ 2µ2 < 0, (3.12)
where µ = λ⟨S⟩ and b = λ[f ′(⟨S⟩)]∗ + λAλ⟨S⟩ are the effective µ-term and b-term. Note that
we do not need the stability condition for the D-flat direction as in the MSSM because the
D-flat direction is lifted by the F -term potential.



















2 β −m2Hd cos
2 β + b sin 2β − µ2





These are slightly different from those in the MSSM because the D-flat direction now is lifted
up.
3.3 Perturbativity Bound
Although a large λ is preferable when one wants to increase the Higgs mass, one cannot take
an arbitrary large λ because of the perturbativity bound as explained below.
At each energy scale, it is useful to use appropriately renormalized coupling constants that
improve the convergence of the loop expansion. The running coupling constants in the modified
minimal subtraction (MS) scheme are known to be useful and their evolution is determined
by simultaneous differential equations, called the RG equations that are characterized by the
β-functions.
If one of the running coupling constants exceeds
√
4π and eventually has a Landau pole at an
energy below the GUT scale, we cannot use perturbative expansions and the theory becomes
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Figure 3.1: The perturbativity bound on λ. The left figure shows the upper bound on λ for
κ = 0.01 and the right one shows that for tanβ = 3 (Black) and 5 (Red). We takemf̃ , µ,mA = 1
TeV, mAs = 5 TeV and M1 = 200 GeV, where mf̃ is a common sfermion mass. The widths
of the bands indicate the top mass uncertainty, mt = 173.2 ± 1.2 GeV. We assume the GUT
relation of the gaugino masses and Ai = 0. The calculation is performed with NMSSMTools.
strongly-coupled. It is, actually, not preferable because it would spoil the unification of the
gauge couplings, which is one of the strong motivations in SUSY models.







































































at the 1-loop level. Here g1 =
√
5/3g′, g2 = g, g3 = gS and t = lnQ with a renormalization
scale Q. We ignored the 1st and 2nd generations because they are very small.
Fig. 3.1 shows the two loop calculation of the perturbativity bound, calculated with NMSSMTools
[32–38]. The left figure shows the upper bound on λ for κ = 0.01 and the right one shows that
for tanβ = 3 (Black) and 5 (Red). We take mf̃ , µ,mA = 1 TeV, mAs = 5 TeV and M1 = 200
GeV, where mf̃ is a common sfermion mass. The widths of the bands indicate the top mass
uncertainty, mt = 173.2± 1.2 GeV. We assume M3 :M2 :M1 = 5.5 : 1.9 : 1 and Ai = 0.
When λ is larger than about 0.7, λ or κ has a Landau pole below the GUT scale. Further-
more, if one increases κ, the upper bound on λ decreases.
At tanβ ≲ 2, yt has a Landau pole and when we increase λ, the bound becomes stronger
because λ2 comes in the β-function of y2t . The similar thing happens at large tanβ, where yτ
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has a Landau pole.
We can relax this perturbativity bound with adding extra particles at an intermediate scale.
For such a case, it is known that λ up to around 1 is allowed [39–42].
3.4 Phenomenology of the Higgs sector
After the discovery of the Higgs boson, the ATLAS and the CMS have continuously improved
the measurements on the Higgs mass and couplings. Since the singlet modifies the Higgs
properties, it is important to clarify what are expected in singlet extensions.
There are mainly three sources that affect the Higgs properties; the mixing in the Higgs
sector, the quantum corrections associated with the singlet, and the light particles that the
Higgs boson can decay into.
Here we review the first two effects and then analyze how the Higgs properties are modified
by them. The last effect will be discussed in Chapter 6.
3.4.1 The Higgs Sector and Mixing
Let us first review the structure of the Higgs sector described by the general Lagrangian, (3.6)
and (3.8). There are three CP-even neutral Higgs bosons and we denote them as
ĥ =
√
2[(ReH0d − v cosβ) cosβ + (ReH0u − v sinβ) sinβ], (3.20)
Ĥ =
√
2[(ReH0d − v cosβ) sinβ − (ReH0u − v sinβ) cosβ], (3.21)
ŝ =
√
2(ReS − ⟨S⟩), (3.22)
where v2 = ⟨H0u⟩2+ ⟨H0d⟩2 and tanβ = ⟨H0u⟩/⟨H0d⟩. Here ĥ has the same tree-level couplings as
the SM Higgs boson has, whereas Ĥ and ŝ do not couple to the gauge bosons at the tree level.
To get mass eigenstates, we have to diagonalize their mass matrix. In the basis of (ĥ, Ĥ, ŝ),
it is given bym
2
Z + (λ
2v2 −m2Z) sin2 2β −(λ2v2 −m2Z) sin 2β cos 2β λv(2µ− Λ sin 2β)
−(λ2v2 −m2Z) sin 2β cos 2β −(λ2v2 −m2Z) sin2 2β +
2b
sin 2β λvΛcos 2β
λv(2µ− Λ sin 2β) λvΛcos 2β m2ŝ
 (3.23)
at the tree level. Here m2s̃ is a combination of parameters including derivatives of f(µ/λ) and
f̃(µ/λ), which we do not give explicitly because it is very complicated and is possibly affected
by quantum corrections if it is light. Furthermore, it is not so important because we can always
change the soft mass, m2S , to adjust the singlet mass. The other parameters in the mass matrix
are defined as
µ = λ⟨S⟩, b = Aλµ+ λf ′(µ/λ), Λ = Aλ + f ′′(µ/λ). (3.24)
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In the basis of (Â, Âs), their mass matrix is given by(
2b
sin 2β λv(Aλ − f
′′(µ/λ))





is a similar parameter as m2ŝ and the difference should be proportional to the order
parameter of the breaking of U(1)S , under which S is charged.











Since the discovered Higgs boson has similar properties as the SM Higgs boson has, we
expect that it is close to ĥ. Thus, it is useful to express the mass matrix with the mass
eigenvalues and the mixing angles, instead of the original model parameters.
We define the mixing angles to relate mass eigenstates (h,H, s) and (ĥ, Ĥ, ŝ) byhH
s
 =
 c1c2 −s1 −c1s2c2c3s1 − s2s3 c1c3 −c3s1s2 − c2s3










where ci and si are cos θi and sin θi, respectively. Here, θ1 corresponds to the mixing angle
between ĥ and Ĥ, and θ2 corresponds to that between ĥ and ŝ when the mixing angles are
small. Meanwhile, θ3 diagonalizes the bottom right 2 × 2 matrix after the top left element is
block diagonalized. Since h approaches ĥ when we take small θi’s, we identify h to the observed
Higgs boson.









with mh = 126 GeV.
Note that the mixing angles and the mass eigenvalues are not arbitrary because they are
related to the original parameters. For example, there should be at least one light eigenstate
because the top left element of mass matrix (3.23) lies around the EW scale. Similarly the top
middle element of the mass matrix cannot become very large and thus gives a strong constraint
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(a) (b) (c)
Figure 3.2: Contribution from the stop and the top loops.
on mixing angles.
3.4.2 Quantum Corrections
Here we summarize important quantum corrections to the Higgs mass and to the Higgs cou-
plings. They are almost the same as in the MSSM, but there are additional contributions
associated with the λSHuHd coupling.
Radiative corrections to the Higgs mass
Since the mass of ĥ is determined by its quartic coupling, but not by its quadratic coupling, we
cannot freely change the Higgs mass. Because the tree level mass is very limited even with the
new F -term, it is very important to include the radiative corrections to the quartic coupling.
As in the MSSM, there are large quantum corrections from the top and the stop loops as






















= mt̃1mt̃2 and Xt = (At − µ cotβ)/mt̃. Here mt̃1 and mt̃2 are the mass eigenvalues
of the stops. The term with logm2
t̃
/m2t comes from diagram (a) and the terms with X
2
t come
from diagrams (b) and (c).
In addition to the MSSM contributions, there can be additional contributions associated
with the diagram (A) shown in Fig. 3.3 when the singlino and the higgsinos are light and ŝ and












at the 1-loop level.
There are the diagrams correspond to (b) and (c) in Fig. 3.2 with the singlet boson but
they are actually sub-dominant. This is because we have a tree level singlet exchange diagram
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(A) (B)
Figure 3.3: New contributions from the higgsino-singlino loop and the singlet mixing.




λ2v2(2µ− Λ sin 2β)2
m2ŝ
, (3.33)
when the singlet boson is heavy.
Loop induced couplings of the Higgs boson
Since the hγγ and hgg couplings are zero at the tree level, they are very sensitive to new charged
or colored particles that couple to the Higgs boson.
































Here, V, f and ϕ represent the gauge bosons, fermions and scalars, respectively. The mass
appearing here is not the pole mass but the MS mass at Q = mh. In the SM, CV = Cf = 1
for the W and Z bosons and the SM fermions. Note that this is just a symbolic expression and
all the amplitudes are calculated with tree level diagrams using these effective couplings.





























CVAV (τV ), (3.36)
where C2(r) is the quadratic Casimir of SU(3)C for representation r, and N(r) is the dimension
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i . Note that Ai(τ) goes to unity when mi/mh → ∞.
In the limit where all the superparticles decouple from the theory, the effective hgg and hγγ
couplings can be calculated as
Cg ≃ 1.03Ct − 0.06Cb, Cγ ≃ 0.23Ct − 1.04CV . (3.41)
In singlet extensions, we do not need very heavy stops to obtain 126 GeV Higgs mass and
it is why we can alleviate the little hierarchy problem. Thus, it is likely that the stops are light
and give large corrections to these couplings [43,44].
Since eqs. (3.35) and (3.36) are written with mass eigenstates, we need to diagonalize the





























Z cos 2β. (3.44)






cos θt − sin θt
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Because we have λSHuHd in the superpotential, the SM-like Higgs boson can couple to the
charged higgsinos through the Higgs mixing [45]. This is a specific feature of the singlet exten-


















Af (τh̃) cos θ1 sin θ2. (3.50)
It is worth noting that this contribution can be positive or negative depending on the sign of
θ2.
3.4.3 The Mass of the SM-like Higgs Boson
We now know that there is a 126 GeV mass eigenstate in the CP-even Higgs sector and it
seems to be close to ĥ. Since the tree level mass of ĥ is at most mZ in the MSSM, the shortage
of the mass should be compensated by the new F -term, the Higgs mixing and the radiative







+ (λ2v2 −m2Z) sin2 2β + (m2h −m2s)O2sĥ − (m
2
H −m2h)O2Hĥ, (3.51)
where we include all the radiative corrections to the mass of ĥ and denote them as ∆mĥ. For
simplicity, we assume Ĥ is not so light. In such a case, the last term of (3.51) becomes of the
order of m4Z/m
2







with FeynHiggs2.10.0 [46–49] in the MSSM, which we
denote as m0. The result is shown in Fig. 3.4. We take µ = 200 GeV, tanβ = 40. The black
1The detailed discussion is given in Chap. 5.
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Figure 3.4: The Higgs mass in the MSSM at large tanβ, denoted as m0 in the text. The black
and orange contours show m0. The lightest stop mass is less than 200 GeV below the green
lines. The red dashed box indicates the region of our interest. We take µ = 200 GeV, tanβ = 40
in this calculation.
and orange contours show the Higgs mass. The lightest stop mass is less than 200 GeV below
the green lines. The red dashed box indicates the region of our interest in Chap. 5 and 6.
First of all, let us examine the F -term contribution, i.e. the third term in relation (3.51).














Here δmh is defined by
δmh = mh −m0. (3.53)
Next, we examine the size of the mixing effect and the quantum corrections in two cases.
• Heavy S
Even when the singlet is heavy, the mixing can affect the Higgs mass very much because
the top right element of the mass matrix can be as large as mZmS . The leading order
















Thus, we need Λ sin 2β ≃ 2µ or Λ sin 2β, µ,Λ ≪ mS not to decrease the Higgs boson mass.
As we have mentioned in Sec. 3.4.2, there are radiative corrections from the singlino-
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Figure 3.5: The main Higgs production mechanisms.













where r = m2H/max[µ
2,m2h], with mH ≃ ms and µ ≃ ms̃.
• Light S
When the singlet is lighter than the Higgs boson, the singlet-doublet mixing can push up
the Higgs mass. Since large µ or Λ easily destabilize the singlet, it is better to express













Since the higgsinos and the singlino naturally lie around the EW scale, we do not expect
large quantum corrections to the Higgs mass.
3.4.4 Higgs Signal Strengths
The ATLAS and the CMS have observed the signals of the Higgs boson decaying into γγ, WW ,
ZZ, ττ and bb. The strength of a signal divided by the SM expectation is called the signal







Here σh is the production cross section of the Higgs boson and depends on its production
mechanism. In Fig. 3.5 and the left panel of Fig. 3.6, we show the Higgs production mechanisms
and cross sections at the LHC. These figures are taken from the results of the LHC Higgs Cross
Section Working Group. The glue-glue fusion (ggF) process has the largest cross section but
the signal is not clean because it is a QCD process. On the other hand, the vector boson fusion
(VBF) and the associated production with Z or W (VH) are rather clean but the cross sections
are very small compared to the ggF process.
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Figure 3.6: The cross sections (left) and the branching ratio (right) of the SM Higgs boson for
each Higgs mass, taken from the LHC Higgs Cross Section Working Group.
Because of the Higgs mixing, the tree level couplings of the Higgs boson are modified as
CV = cos θ1 cos θ2, (3.58)
Ct = cos θ1 cos θ2 + cotβ sin θ1, (3.59)
Cb = cos θ1 cos θ2 − tanβ sin θ1. (3.60)
As for the loop induced couplings, we have
Cg/C
SM
g ≃ (cos θ1 cos θ2 + sin θ1 cotβ)(1 + δt̃), (3.61)
Cγ/C
SM
γ ≃ cos θ1 cos θ2 − 0.28 sin θ1 cotβ + 0.20
λv
|µ|
cos θ1 sin θ2
− 0.28δt̃(cos θ1 cos θ2 + sin θ1 cotβ). (3.62)





∣∣∣∣2 , ΓttΓSMtt =
∣∣∣∣ CtCSMt










∣∣∣∣2 , ΓWW∗ΓSMWW∗ = ΓZZ∗ΓSMZZ∗ =
∣∣∣∣ CVCSMV
∣∣∣∣2 . (3.64)
The production cross sections and the branching ratios are related to the partial decay
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Here we ignored other decay modes since they are small.
The partial decay widths of the SM Higgs boson are given by
ΓSMbb = 2.34MeV, Γ
SM
WW = 0.97MeV, Γ
SM
gg = 0.35MeV,
ΓSMττ = 0.26MeV, Γ
SM
ZZ = 0.12MeV, Γ
SM
cc = 0.11MeV, (3.68)
for mh = 126 GeV.
3.4.5 Phenomenology of the Singlet Boson
The singlet boson couples to the SM particles via the mixing and the quantum corrections. The
tree-level couplings are given by
CSb = cos θ3 sin θ2 + cos θ2 sin θ1 sin θ3 + tanβ cos θ1 sin θ3, (3.69)
CSt = cos θ3 sin θ2 + cos θ2 sin θ1 sin θ3 − cotβ cos θ1 sin θ3, (3.70)
CSV = cos θ3 sin θ2 + cos θ2 sin θ1 sin θ3, (3.71)
with the similar definition in eq. (3.34).
Since the Higgs boson couples to the charged higgsinos through Higgs mixing, we have a






Af (τh̃) (cos θ2 cos θ3 − sin θ1 sin θ2 sin θ3) . (3.72)
The branching ratios of the singlet are related to those of the SM Higgs boson but with a
different Higgs mass. The branching ratios of the SM Higgs boson are shown in the right panel
of Fig. 3.6. The figures are taken from the LHC Higgs Cross Section Working Group. We can
analyze S in the similar way as the analysis on h.
The main decay mode of the singlet depends on its mass and the mixing angles. When
the singlet is lighter than the Higgs boson, the main decay channel is bb. However, if tan θ3 ≃
− sin θ2/ tanβ, there can be a cancellation in CSb . In such a case, the main decay mode can be
gg, cc or WW depending on the mass and mixing.
When the singlet is heavier than the Higgs boson, the main decay mode is WW, bb or tt
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depending on the mass and mixing.
3.5 Phenomenology of the Neutralino Sector
3.5.1 Neutralino mass and mixing
In the singlet extensions, there are five neutralinos that mix with each other after the EWSB.


























sinβ −µ 0 −λv cosβ
0 0 −λv sinβ −λv cosβ f ′′(µ/λ)

(3.73)
in the basis of (B̃, W̃ 3, h̃0d, h̃
0
u, s̃). The mass eigenstate χ
0
i is a linear combination of them.






Here χ01 is the lightest one and χ
0
2 is the next-lightest one and so on. The mass of the singlino
is determined by the cubic and the quadratic coupling of the singlet in the superpotential. The
singlino mass will be related to the bosonic sector, but it depends on the model.
3.5.2 Couplings of the Neutralinos
The neutralino couplings to the Z boson and the Higgs bosons are very important because they
are relevant to the constraints from the invisible decay of the Z boson and the Higgs boson and
the constraints from the direct DM searches.
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N5j(N3i sinβ +N4i cosβ) +
g′
2
N1i(N3j cosβ −N4j sinβ)
− g
2




(−N3iN5j cosβ +N4iN5j sinβ) +
g′
2
N1i(N3j sinβ +N4j cosβ)
− g
2





Here we assume that Nij ’s are real.
3.6 Concrete Models
Though we keep our discussion as model independent as possible throughout this thesis, we
give examples of singlet-extended models to complete the review. For the mediation mechanism
of SUSY breaking, we assume that the mediation scale is rather high and the little hierarchy
becomes problematic, but we do not specify any concrete mechanism.
3.6.1 (Z3-invariant) Next-to-MSSM
A naive way to solve the µ-problem is to forbid any dimensionful supersymmetric parameters
so that the VEV of the singlet is determined only by the soft parameters.












Here κ should be non-zero in order to avoid a dangerous axion and to stabilize the singlet
potential.
The NMSSM is the oldest and the most famous model in singlet-extended models. Thus, it
is frequently used in various benchmark scenarios.
3.6.2 nearly-MSSM
In the NMSSM, the Lagrangian has a Z3 symmetry where all the particles are equally charged.
Since it is broken spontaneously by the VEVs in the Higgs sector, there appear topological
defects called the domain-walls, which have a surface energy density of order v3. It would
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Hu Hd Q L ū d̄ ē S W
ZR5 1 1 2 2 3 3 3 4 1
ZR7 1 1 2 2 3 3 3 4 6
Table 3.1: The charge assignments of the ZR5 and the ZR7 symmetries.
dominate the energy density in the early universe and create unacceptably large anisotropies in
the cosmic microwave background (CMB). This problem is known as the domain-wall problem.
However, when we allow Z3 symmetry to be broken, we cannot forbid possible large quantum
corrections to the tadpole terms of the singlet. Thus in this case, we cannot safely embed the
model into, for example, a GUT model. It is usually difficult2 to solve both of the domain-wall
problem and the tadpole problem simultaneously in the NMSSM.
It is pointed out [28, 29] that the tadpole term of the appropriate size can be generated
by using a discrete R-symmetry, ZR5 or ZR7 , whose charge assignments are shown in Table 3.1.
Then, the divergent quantum corrections appear at six or seven loops and do not spoil the
EWSB. Typical diagrams are shown in Fig. 3.7, where non-renormalizable terms in Kähler






SUSYS + h.c. (3.82)
with n = 6 and 7 for diagrams (a) and (b), respectively. Thus, the tadpole terms do not desta-
bilize the EW vacuum thanks to the loop suppression. Regarding Fig. 3.7 as the supergraphs,
we also have a harmless tadpole term in the superpotential.
Since there is no discrete symmetry that is broken in association with the EWSB, this model
is free from the domain-wall problem as well as the tadpole problem.
The superpotential and the soft terms of the nMSSM are described with the following f
and f̃ .
f(S) = ξFS, (3.83)
f̃(S, S∗) = (ξSS + c.c.) +m
2
S |S|2. (3.84)
Since the Majorana mass term of the singlino is not allowed, the singlino-like neutralino
becomes very light. From eq. (3.73), we can see that there are Dirac mass terms of the singlino
and the higgsinos, and if the higgsinos are light, they can mix and have a mass around the
Higgs VEV.
2There are several ways to control the tadpole terms and get an approximately Z3-invariant model [50–52].
Thus this argument does not exclude the Z3-invariant NMSSM.
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Figure 3.7: Typical tadpole diagrams for the ZR5 case (a) and the ZR7 case (b). Here, H1 and
H2 stand for Hd and Hu, respectively. The figure is taken from [28].
Hu Hd S X
U(1)PQ -1 -1 2 1
Table 3.2: The charge assignment of the Peccei-Quinn symmetry.
3.6.3 Peccei-Quinn invariant extension of the NMSSM
The Peccei-Quinn (PQ) symmetry is a symmetry that is introduced to solve the strong CP
problem. It should be broken with a decay constant Fa of the order of 10
10 to 1012 GeV to
evade cosmological and astronomical constraints, and the Nambu-Goldstone boson associated
with the PQ breaking is called the axion.
We have proposed the Peccei-Quinn invariant extension of the NMSSM [30] (PQNMSSM),
which can solve the tadpole problem and the domain-wall problem simultaneously with the PQ
symmetry.
Since the axion decay constant is very large, PQ breaking field X should not couple to
the Higgs bosons with renormalizable couplings. However, suppressed by the Planck mass, the
non-renormalizable couplings can give effective couplings around the EW scale. If we assign





and this gives an effective µ-term of around 102 to 104 GeV as originally suggested by Kim and
Nilles [16].
We extend it with an additional singlet S that has λSHuHd coupling so that it can contribute
to the Higgs mass. To allow this interaction, S should have a PQ charge 2. We summarize the
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charge assignment in Table 3.2.





We use the basis where the effective µ-term in (3.85) vanishes since it can be eliminated by
redefining S and α.








S + h.c. (3.87)
Since X is stabilized at a very high energy, it is not so much affected by the EW physics.
Thus, we treat it as a spurion field:
X = Fa(1 + θ
2MSUSY), (3.88)
where MSUSY is a parameter that has the SUSY breaking scale. Then we have an effective
tadpole term of S as
Weff = λSHuHd + ξFS. (3.89)
Thus the phenomenology of the PQ-NMSSM is almost the same as that of the nMSSM except
for the existence of the axion supermultiplet.
3.6.4 General NMSSM
Assuming dimensionful parameters in the superpotential are generated appropriately, one can
consider singlet extensions in a more general framework. The most general superpotential and
the soft terms of singlet-extended models are given by















3 + h.c.). (3.91)
as explained in section 3.1.
Though we need to explain the origin of dimensional parameters in the superpotential
ultimately, one cannot exclude the possibility of having an unusual singlet potential. In this
sense, the general NMSSM is complementary to the other models. Furthermore, the general
NMSSM is sometimes useful when one discusses singlet extensions model-independently.
Chapter 4
Experimental Constraints
Since singlet extensions accommodate the 126 GeV Higgs mass with a light superparticle spec-
trum, some of the new particles can be within the reach of the LHC and future colliders.
Furthermore, for the Higgs sector to be natural, the particles related to the Higgs sector such
as the singlet, the other doublet Higgs and the stops should be light enough. Thus we first
summarize the current collider constraints on these particles.
After that, we summarize the collider constraints on the higgsinos and the singlino, which
are important in our analyses in Chaps. 5 and 6.
4.1 Constraints on the Higgs sector
In the Higgs sector, we have five non-SM Higgs bosons, H,H±, A, s and As. Here we summarize
the constraints on them for the case where the mixing angles among them are small and H,H±
and A as nearly mass degenerate states.
4.1.1 Non-SM Higgs Doublet
The tree level couplings of Ĥ given by
CĤV = 0, C
Ĥ
t = − cotβ, CĤb = tanβ. (4.1)
with the similar definitions in eq. (3.34).
Since the Ĥbb(ττ) couplings are enhanced by tanβ and the Ĥtt coupling is suppressed by
cotβ, the main decay modes are h → bb or h → ττ . Because h → bb has a large QCD back
ground, h→ ττ is a promising search channel.
The ATLAS and the CMS are searching for H and A decaying into ττ [53, 54]. In Fig.
4.1, we show the constraints on tanβ and mA. This is for m
mod−
h scenario in the MSSM, but
the constraints are almost the same in other cases. Since the couplings of H and A to ττ are
proportional to tanβ, the constraints become stronger at larger tanβ.
28
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-1 L dt = 19.5 - 20.3 fb∫=8 TeV, s ATLAS
ττ → h/H/A = 1 TeV,
SUSY
 scenario, Mmod-hMSSM m
Figure 4.1: The MSSM Higgs search with H → ττ channel at the ATLAS (left) and the CMS
(right).
In presence of the singlet,H orA can decay into singlet bosons or singlinos and the constraint
can be milder if they are kinematically allowed.
There is another constraint on the mass of the charged Higgs from the measurements on
b → sγ. In the SM, this process appears at 1-loop with the Cabibbo suppression and thus it
is sensitive to non-SM contributions, such as those from the charged Higgs and the charginos.
ALEPH [55], BELLE [56] and CLEO [57] measured this branching ratio and the experimental
weighted average is currently
BrEXP(B → Xsγ) = (3.23± 0.41)× 10−4. (4.2)
On the other hand, the SM prediction is given by [58]
BrSM(B → Xsγ) = (3.73± 0.30)× 10−4. (4.3)
Since they agree very well, contributions from new physics are constrained.
Without a severe cancellation among parameters, we can constrain the charged Higgs mass
as [58]
mH± ≳ 350 GeV. (4.4)
Note that a possible cancellation should not be considered as a result of a certain symmetry,
but it is just a result of a fine-tuning.
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Figure 4.2: Searches for Higgs boson at the LEP. The black solid line in the left panel shows
the 95% CL constraint on the decay into bb and the red solid line in the right one shows that on
the decay into hadrons. The dashed lines are expected 95% CL exclusion lines, and the green
and yellow bands correspond to 1σ and 2σ standard deviations.
4.1.2 Singlet Boson
Here we summarize the collider constraints on a new scalar boson focusing on the case where
singlet boson is lighter than the Higgs boson. This case is of our interest because the Higgs
boson mass is pushed up through the singlet-doublet mixing and it also makes the cross section
of the singlet large.
The LEP experiments have searched a Higgs-like boson up to about ms =115 GeV [59,60].
The main production mechanism at the LEP is the Higgs strahlung, namely e++e− → Z → Zs.
Since only ĥ has a tree level coupling to the Z boson, the sZZ coupling mainly comes from the






≃ θ21 + θ22, (4.5)
when H is heavy and s is light.
In Fig. 4.2, we show the LEP constraints for h → bb and h → hadhad decay modes. The




The left panel shows that the mixing angles are very much constrained when s→ bb is the
dominant decay mode and the mass is less than 90 GeV. In such a case, the enhancement of
the Higgs mass is at most around 1 GeV as easily seen from relation (3.51).
When tan θ3 ≃ − sin θ2/ tanβ, CSb becomes very small and s → bb is suppressed. For the
singlet boson lighter than about 100 GeV, the main decay modes shift to s → gg and cc. In
this case, the constraint on the mixing angles is given by the right panel of Fig. 4.2 and is much
weaker than that for s→ bb.
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Figure 4.3: 95% CL exclusion limit on the cross section of the Higgs boson at the Tevatron
(Combined).
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Figure 4.4: Searches for Higgs boson decaying into γγ at the ATLAS (Left) and σ × Br of the
SM Higgs boson (LHC Higgs Cross Section Working Group).
Tevatron has searched the Higgs boson and gives constraints for 90 GeV ≲ ms ≲ 115 GeV
as shown in Fig. 4.3 [61]. However, if we compare this with the LEP result assuming θ1 = 0,
we naively expect the constraint is weaker than the LEP constraint in this region.
At the LHC, it is difficult to search a scalar boson when it is lighter than 100 GeV. Since
the bb channel has too large QCD background and the ZZ → llll has a very small branching
ratio, the γγ channel is the most effective channel. The ATLAS put a constraint on the signal
strength for s→ γγ as shown in the left panel of Fig. 4.4. As you can see from the right panel
of Fig. 4.4, the constraint is now comparable to the SM Higgs signal strength. However, since
the branching ratio of s→ γγ is different from that of h→ γγ, it may give a stronger constraint
than the LEP constraint if the Higgs mixing angles are very small.
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Figure 4.5: The Higgs signal strengths into γγ with ggF and VBF/VH production mechanisms
at the ATLAS (left) and the CMS (right).
4.1.3 Higgs Signal Strengths
When other CP-even Higgs bosons are light, they can mix with each other and the Higgs
couplings deviate from the SM values. However, since we know the observed Higgs boson has
the SM-like signal strengths, the mixing angles should not be so large.
In order to quantify how large the mixing angles can be, let us carry out the χ2-analysis.
Details of the χ2 method are in Appendix A.
As shown in Fig. 4.5, there are contamination between the VBF/VH and the ggF channels
of h → γγ [62, 63]. To deal with them, we define different basis for these channels, which are
defined by
RXγγ = 1 + (R
ggF
γγ − 1) cosφ+ (RVBF/VHγγ − 1) sinφ, (4.6)
RYγγ = 1− (RggFγγ − 1) sinφ+ (RVBF/VHγγ − 1) cosφ, (4.7)
with cosφ = 0.98 for the ATLAS data and 0.97 for the CMS data. Then, we get the central




(RY − µY )2
σ2X
= 2.30. (4.8)
Table 4.1 summarizes the experimental data on the signal strengths for all channels that we
consider [1, 62–65].
These are all that we need to execute the χ2-analysis on the (θ1, theta2) plane. Let us define
























−0.32 1.49± 0.36 0.61± 0.75
CMS 0.68± 0.20 0.92± 0.28 1.15± 0.62 1.10± 0.41 1.42± 0.31 0.89± 0.61
Table 4.1: The summary of the Higgs signal rates. These are evaluated at mh = 125.5 GeV for
the ATLAS while mh = 125.7 GeV for the CMS.




A are the theoretical prediction, the experimental value and the stan-
dard deviation for each channel denoted by A. Here we minimize the sum with changing λ, µ,mt̃
and Xt, which change the quantum corrections coming from the stops and the charged higgsino.
The range of the parameters is given by
|µ| > 100 GeV, mt̃ > 200 GeV, λ < 1, |Xt| < 1. (4.10)
The one-sigma and two-sigma preferred regions are defined by Z < 5.89 (7.04) and Z <
11.29 (12.82) for 5 (6) DoF, respectively.
The results are shown in Fig. 4.6. The left panels are for the ATLAS data and the right
panels are for the CMS data. The top, middle and bottom panels correspond to tanβ = 5, 10
and 15, respectively. The darker orange region indicates 1σ preferred region and the lighter
orange region indicates 2σ. The inner(outer) solid lines indicate 1σ (2σ) preferred regions
without the quantum corrections.
As you can see, there are two separated regions around (0, 0) and (2/ tanβ, 0). This is
because Cb crosses zero at θ1 ∼ 1/ tanβ. This also means that the second region has Cb with
a flipped sign. The wrong-sign hbb coupling may be seen using hgg coupling [66].
The boundaries of the preferred regions are mainly determined by the lower bound on the
signal strengths. The θi dependencies of the signal strengths can be seen from eqs. (3.58) -
(3.60). There we can see that only the hbb coupling is very sensitive to θ1 because of the tanβ
enhancement of the Ĥbb coupling. Since the hbb coupling vanishes at θ1 ∼ 1/ tanβ, this region
is constrained by the lower bound on Rbb. Meanwhile, when we go very far from θ1 ∼ 1/ tanβ,
the hbb coupling becomes much larger than the SM coupling and the branching ratios of the
other channels decrease. Thus, it is again constrained by the lower bounds on RWW , RZZ and
Rγγ . By the way, the regions shrink when we take larger |θ2|. This is because the mixing with
the singlet decreases the production cross sections of the Higgs boson.
4.2 Stops
From the viewpoint of naturalness, we naively expect that the stops are not so heavy as ex-
plained in Chap. 2. In singlet extensions of the MSSM, we can realize the Higgs mass with light
stops and thus it is important to summarize the experimental searches for the stops.
Since a proton hardly contains the 3rd generation quarks, it cannot be produced in the same
way as the 1st and 2nd generation squarks. Therefore, the production cross section of the stop
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is suppressed compared to the 1st and the 2nd generation squarks.
In Fig. 4.7, we show the summary plot of various stop searches at the ATLAS (left) and the
CMS (right) [5–12].
As you can see from the figure, the stop mass less than 700 GeV is constrained when the LSP
is light enough. When the mass gap between the stop and the LSP is less than the top mass,
the stop around 300 GeV is still allowed. Note that these analyses assume certain branching
ratios of the stop. Thus when there is another superparticle that the stop can decay into, these
constraints can be alleviated. Furthermore, if the R-Parity is violated, we cannot apply these
constraints. In such cases, we can have much lighter stops.
4.3 Singlino
Since the couplings of the singlino to the SM particles are usually small, it is very difficult to
search for it. However, there are some cases where we can constrain parameter regions [67]. One
is the constraint on the Z boson invisible decay and another is the constraint on e+e− → χ01χ02
and χ2 → χ01Z at the LEP, which we give the details below.
4.3.1 LSP-NSLP Pair Production
When the singlino is the LSP, the NLSP mass has nothing to do with the singlino mass. Thus,
the LSP and the NLSP can have a mass gap that is larger than the Z boson mass.
For such a case, there is a LEP constraint on the process of e+e− → χ̃01χ̃02 → χ̃01χ̃01Z [68].
In Fig. 4.8, we show the 95% CL constraint on this process at
√
s = 209 GeV.
When mχ01 ≃ 0 and mχ02 ≲ 190 GeV, the constraint is roughly given by
σ(e+e− → χ̃01χ̃02)× Br(χ̃02 → χ̃01Z) ≲ 70fb. (4.11)
4.3.2 Invisible Decays
Since the singlino-like neutralino can couple to the Z boson and the Higgs boson, they can
decay into a pair of the neutralinos if they are lighter than a half of the boson masses.
For the Z boson invisible decay, there is a constraint from the LEP as [69]
ΓZ→inv. ≲ 2 MeV. (4.12)
Here “inv.” indicates non-SM invisible decay modes.
Since the Higgs boson is discovered with the SM-like signal strengths, the branching ratio
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of the Higgs boson into invisible particles is constrained [70,71].
σh
σSMh
× Br(h→ inv.) ≲ 0.37 (0.19) (4.13)
The number in parenthesis is the result of the global fit.
4.4 Higgsinos
There are two neutral higgsinos and one charged higgsino and they are nearly mass degenerate.
The charged higgsino becomes heavier than the lighter neutral higgsino by a few hundred MeV
because of the quantum corrections from gauge bosons. The mass gap of the two neutral
higgsinos mainly comes from the mixing with the other neutralinos.
The LEP experiments have searched for charginos and we put a constraint, which is roughly
given by [69]
mχ̃± ≳ 100 GeV. (4.14)
Because the mixing in the chargino sector always decreases the lightest chargino mass, the
higgsino mass |µ| should be larger than 100 GeV.
At the LHC, it is difficult to see higgsinos when the other particles are very heavy because
of the small mass gap of the LSP and the NLSP.
However when the gravitino or the singlino is much lighter than the higgsinos, they can
decay into G̃h or G̃Z. In such a case, the LHC can put constraints on the higgsinos. In
Fig. 4.9, we show the search results of the higgsino NLSP [72,73].
When the dark matter has a large higgsino component, the thermal relic abundance becomes
small. One way to overcome this problem is to mix the neutralinos very well. However, in such
a case, the spin independent (SI) and the spin dependent (SD) cross section of the dark matter
become large. They are constrained by various direct dark matter searches. In Fig. 4.10, we
show the current constraints coming from the direct searches at the LUX and the XENON100.
The left figure corresponds to the SI cross section, taken from [74]. The blue solid line is the 90%
CL limit from the LUX experiment and the red line is the 90% CL limit from the XENON100
experiment. The right figure corresponds to the SD cross section, taken from [75]. The blue
line shows the 90% CL limit at XENON100.
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Figure 4.6: The 1σ and 2σ preferred regions in the θ1 and θ2 plane. The left panels are for
the ATLAS data and the right panels are for the CMS data. The top, middle and bottom
panels correspond to tanβ = 5, 10 and 15, respectively. The darker orange region indicates 1σ
preferred region and the lighter orange region indicates 2σ. The inner(outer) solid lines indicate























































































~ Status: ICHEP 2014
ATLAS Preliminary
-1 = 4.7 fbintL
-1 = 20 fbintL1
0χ∼W b 




0χ∼b f f’ 
-1 = 20.3 fbintL
Observed limits Expected limits
All limits at 95% CL
=8 TeVs -1 = 20 fbintL =7 TeVs 




1L [1407.0583], 2L [1403.4853]
0L [1407.0608]







Figure 4.7: Summary of the searches for the stops at the ATLAS (left) and the CMS (right).
Figure 4.8: The 95% CL constraint on process e+e− → χ̃01χ̃02 → χ̃01χ̃01Z at
√
s = 209 GeV,
taken from [68].
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Figure 4.9: Higgsino NLSP searches at the ATLAS (left) and the CMS (right).
Figure 4.10: Constraints on the SI cross section (Left) and the SD cross section (Right). Figures
are taken from [74,75].The left figure corresponds to the SI cross section, taken from [74]. The
blue solid line is the 90% CL limit from the LUX experiment and the red line is the 90% CL
limit from the XENON100 experiment. The right figure corresponds to the SD cross section,
taken from [75]. The blue line shows the 90% CL limit at XENON100.
Chapter 5
Higgs mixing and Light Higgsinos
In this chapter, we show that there is a strong relation between the higgs mixing and the
higgsino mass parameter. Assuming that the Higgs boson does not have non-SM decay modes,
we demonstrate that light higgsinos with a mass of a few hundred GeV are expected when the
singlet-doublet mixing mainly pushes up the Higgs mass. After that, we will shortly review the
phenomenology of light higgsinos.
5.1 Parameter Region of Our Interest
First of all, we summarize the parameter region of our interest.
We assume the non-SM invisible decay width of the Higgs boson is small enough. This is
easily realized with a LSP mass larger than mh/2. Even when the Dirac mass of the singlino
is forbidden, it is possible to suppress the invisible decay width because the invisible decay is
suppressed by the mixing angles in the Higgs sector and the neutralino sector. Note that the
singlino mass parameter is not related to the parameters in the Higgs sector unless one specifies
a concrete model.
In order to avoid the little hierarchy problem, we need light stops and small stop mixing,
as stated in Chap. 2. Thus, we concentrate on the following parameter region:
mt̃ ≲ 1 TeV, |Xt| ≲ 1. (5.1)
To illustrate the dependence on the stop mass, we further divide it into two regions, which we
name the (L)ighter and the (H)eavier stop mass regions:
(H) : 600 GeV ≲ mt̃ ≲ 1 TeV, (5.2)
(L) : 200 GeV ≲ mt̃ ≲ 600 GeV. (5.3)
Here, we set a lower limit since the stop mass less than 200 GeV is severely constrained by the
LHC experiments.
39
40 Chapter 5. Higgs mixing and Light Higgsinos
Then the corresponding quantum corrections range in
(H) : 105 GeV ≲ m0 ≲ 120 GeV, δt ≲ 0.04, (5.4)
(L) : 100 GeV ≲ m0 ≲ 115 GeV, δt ≲ 0.21, (5.5)





Since the mass of H is given by
m2H ≃ m2Ĥ ≃ m
2
Â




a heavy H implies that at least one of µ, m2Hu and m
2
Hd
is large and eventually worsens the
fine-tuning. Thus we require H should be lighter than 1 TeV. However, if it is lighter than 350
GeV, we need to adjust other soft masses to avoid large corrections to b→ sγ. Thus we assume
the mass lies in the region
350 GeV ≲ mH ≲ 1 TeV. (5.7)
In our analysis, we takemH = 800 GeV and thus we need not to consider the collider constraints
on H and A or their quantum corrections to the Higgs couplings. The dependence of our results
on mH will be discussed later.
When the singlet is heavier than the Higgs boson, we need an almost maximal λ, a small
tanβ and small Higgs mixing angles simultaneously to get the 126 GeV Higgs mass. Thus,
we focus on the region where the singlet boson is lighter than the Higgs boson so that the
singlet-doublet mixing can push up the Higgs mass. Furthermore, we assume that it is heavier
than a half of the Higgs mass for simplicity, which forbids the h→ ss process. Thus, the singlet
mass lies in the range
mh
2
< ms < mh = 126 GeV. (5.8)
We require λ not to exceed 1 to keep the perturbativity up to the GUT scale1. Since |µ|
should be larger than 100 GeV to evade the constraint on charginos, a very small λ would make
the VEV of S very large. However, we do not expect it is so far from the EW scale if everything
is natural. Thus, we set a lower value for λ as
0.01 < λ < 1. (5.9)
This lower bound is actually small enough so that our results are not affected so much.
1Since the upper bound on λ does not change our conclusion, we relax the usual perturbativity bound of
λ ≲ 0.7 to 1. It may be allowed with additional particles [39–42].
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5.2 Relations between the Higgs Mixing and the Higgsino Mass
Before going into our main discussion, let me recapitulate the Higgs mixing angles and the
Higgs mass matrix in the CP-even sector. The Higgs mixing angles are defined byhH
s
 =
 c1c2 −s1 −c1s2c2c3s1 − s2s3 c1c3 −c3s1s2 − c2s3















2v2 −m2Z) sin2 2β −(λ2v2 −m2Z) sin 2β cos 2β λv(2µ− Λ sin 2β)
−(λ2v2 −m2Z) sin 2β cos 2β −(λ2v2 −m2Z) sin2 2β +
2b
sin 2β λvΛcos 2β





















and with the mixing angles and the mass eigenvalues,
(mh,mH ,ms, θ1, θ2, θ3). (5.13)
Therefore there should be six relations among these parameters. Three in the six can always be
satisfied with adjusting Λ, b and m2ŝ, which we are not interested in. The other combinations
are given by
m20 + (λ
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To use these relations, we need to choose input parameters and output parameters. Since
there are no strong constraints on θ3, we solve θ3 using one of them. Thus, we can extract
effectively two outputs from the relations. We choose λ2 and λµ for the outputs they are related
to the neutralino sector and thus have a impact on collider and dark matter phenomenology.
We use the other parameters as input parameters. This choice is, actually, reasonable because
ms and m0 are already constrained very much and the constraints on θ1 and θ2 are expected
to be improved before the discovery of the higgsinos.
To summarize, the input parameters are
(m0,ms, θ1, θ2, tanβ), (5.17)
and the output parameters are
(λ2, λµ). (5.18)
Note that we already fixed mH to be 800 GeV.
5.3 Approximated Relations
As discussed in Sec. 4.1.3, θ1 and θ2 cannot be so large to keep h SM-like. Thus we treat them
as expansion parameters and approximate the relations. Note that θ3 can be very large because
there is no strong constraint on it.
Let us first see relations (5.14) and (5.15). Their l.h.s. contain only the EW scale parameters,
but their r.h.s. depend on mH = 800 GeV. Thus, the coefficients of mH should be very small














The second one implies θ2 = O(mZ/mH), but it is so small that it cannot increase the Higgs
mass and rarely satisfies relation (5.14). Thus we concentrate on the first one, which can be
rewritten as













Next we examine relation (5.16). Using OHŝ ≃ OsĤ andmH ≫ ms,mh, we can approximate
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it as2







































This constraint comes from the fact that λµ and Λ appear only in the off-diagonal elements of
the mass matrix. Since large off-diagonal elements would destabilize the singlet, these terms
should be small enough. Let us quantify this statement. We first diagonalize the top left 2× 2
matrix of the mass matrix. However, since mH is large and the off-diagonal elements are small,
we effectively have the same mass matrix, but M2
ĥĤ



























In order to keep it positive, we have very rough relations as
λv|2µ− Λ sin 2β| ≲ m2h, λv|Λcos 2β| ≲ m2H . (5.26)
These constraints imply
2λv|µ| ∼ λv|Λ| sin 2β = λv|Λcos 2β| × | tan 2β| ≲ m2H | tan 2β|, (5.27)
at the leading order of m2h/m
2
H , which reproduces the result.
Finally, we examine relation (5.14). This gives
m20 + (λ









(m2h −m20)− (θ21 + θ22)(m2h −m2s)
]
. (5.29)
This relation reflects the requirement that the F -term contribution associated with the singlet
should be large enough to explain the Higgs mass together with the singlet-doublet mixing.
Thus, when the mixing is not so large, we need large λ to make the Higgs boson heavy.







h − m2s). Since the combination inside the parentheses in relation (5.29) is always
2When θ1 = θ2 = 0, θ3 becomes a free parameter and OHĤOHŝ is not determined by θ1 and θ2. However in
this case, the contribution of the mixing to the Higgs mass is absolutely zero and we are not interested in it.
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Large (θ21 + θ
2
2) is actually not preferred because the constraints from the singlet searches
and the Higgs coupling measurements become severe if we increase (θ21 + θ
2
2). Thus we expect
that |µ| is severely constrained in our setup.
5.4 Numerical Results
In this section, we calculate the maximum value of |µ| by directly solving the relations. As
stated above, we use (m0,ms, θ1, θ2, tanβ) as input parameters. To draw figures, we choose
(θ1, θ2) as the axes because they are important parameters for Higgs physics.
First, we should check whether the corresponding mass matrix exists and is unique for a
given set of parameters. This is equivalent to the problem to determine θ3. Using relations













Osĥ +OsĤ tan 2β
)
. (5.31)
Here OHĥ, OHĤ , Osĥ and OsĤ contain only linear terms in cos θ3 or sin θ3, whereas Ohĥ and
OhĤ do not contain θ3. This means that we have to solve
0 = a cos2 θ3 + 2b sin θ3 cos θ3 + c sin
2 θ3, (5.32)















Since it is a symmetric matrix, there exist orthonormal eigenvectors ϕ1 and ϕ2 with eigenvalues
λ1 and λ2. If we rewrite v as




2 = 0. (5.36)
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When λ1λ2 > 0, there are no solutions, and when λi = 0, the solution is trivially v ∝ ϕi.
Even when there are two solutions for relation (5.14), we generically have only one solution.
This is because θ3 is severely constrained by eq. (5.22). However, we can accidentally have two
solutions. In such a case, we choose the solution that gives larger |µ|.
After finding θ3, it is now easy to get λ
2 and λµ from relations (5.15) and (5.16) because
all Oiĵ are now determined.
Next, we evaluate the maximal value of |µ| at each point of (θ1, θ2, tanβ) changing (ms,m0).
Clearly from relations (5.24) and (5.29), ms and m0 determine the size of λ
2, but have little
effect on λµ. Thus we take largest m0 and smallest ms to minimize λ
2. The maximum value
for m0 is determined by the stop mass and mixing, which we take 120 GeV for (H) case and
115 GeV for (L) case. The minimum value for ms comes from the experimental search for the
singlet and thus depends on θ1 and θ2.
The LEP constraints on the singlet mass and mixing angles are shown in Fig. 5.1, which is
the same figure in Fig. 4.2 but we superposed the two panels. The solid line is the constraint
on σs/σ
SM
s ×Br(s→ bb) and the dashed line is that on σs/σSMs ×Br(s→ hadrons). We use the
minimum allowed value of ms that can evade those two constraints simultaneously. Since the
branching ratio itself depends on the mass of the singlet, it is not so easy task. It corresponds











= mmins , (5.39)
where M∗[m] is a function that gives the minimum allowed value of ms for σs/σ
SM
s ×Br(s→ ∗)
evaluated at ms = m. We solve it by using iteration.
When the minimum value of λ2 gets smaller than (0.01)2, we set λ = 0.01 in order to avoid
λ2 crossing zero. Note that we can always take any value in λ2|min < λ2 < m2Z/v2 taking larger
ms, which is clear from relation (5.29).
These are all that we need in our calculation and Fig. 5.2 shows the maximum value of |µ|.
The left panels are for (H) case and the right panels are for (L) case. The top, middle and
bottom panels are for tanβ = 5, 10 and 15, respectively. In the cyan region, |µ| < 100 GeV and
the gray contours show |µ|max = 100, 200, . . . , 1000 GeV. The yellow regions do not have any
solution for θ3 and the white region indicates λ > 1. The red solid (dashed) contours indicate
the 2σ preferred regions for the ATLAS (CMS) data. Here we take into account the upper
bound on |µ| and the lower bound on λ to evaluate the preferred regions. Thus, the red lines
are slightly different from those in Fig. 4.6. The blue lines show |⟨h|ĥ⟩|2 = 0.5 and ⊗ shows the
origin.
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Figure 5.1: The LEP constraints on the singlet mass and mixing. The solid line is the constraint
on σs/σ
SM
s × Br(s→ bb) and the dashed line is that on σs/σSMs × Br(s→ hadrons).
We can see that |µ| cannot become larger than a few hundred GeV in much of the parameter
region. It becomes smaller if we take a larger tanβ, which is clear from eq. (5.24). In the (L)
case, we have |µ| < 500 GeV even at tanβ = 5 and we do not have allowed preferred regions if
we take tanβ ≳ 10. On the other hand, in the (H) case, we have allowed regions for tanβ ≳ 10
but the upper bound on |µ| is around 300 GeV in much of the allowed region.
There are several regions where the constraint on |µ| becomes very weak especially in the
(H) case. This is because λ2 can become very small. As easily seen from eq. (5.29), this
happens when (θ21+θ
2
2) is large or ms is small. The outside of the blue dot-dashed line has very
large (θ21 + θ
2
2) and thus |µ| can be large. From the origin to the left corners, the constraint on
ms becomes weak because of the suppression of s→ bb and again |µ| can be large.
5.5 Phenomenology of Light Higgsinos
Since the higgsinos are light, the LSP can have a large higgsino component. In this section, we
briefly discuss the effects of light higgsinos.
5.5.1 Collider Phenomenology
If only the higgsinos are light, it is difficult to search at the LHC because of the small mass gap
between the LSP and the NLSP. However, since the stops are light in our setup, we may see a
large missing energy if their mass gap is large enough.
When there is no particle that has an enough mass gap and is within the reach of the LHC,
one has to rely on the analyses using the mono jet, the charged track and the disappearing
track. With 3 fb−1 data at 14 TeV LHC, we may exclude |µ| ≲ 185 GeV at 95% CL [76].
At lepton colliders, it is easy to search the higgsinos and we can even execute precise
measurements of the higgsinos. With the initial state radiation (ISR) of a photon and the
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beam polarization, we can precisely determine the masses and the cross sections. Using them,
we can also get the information on the mixing in the chargino sector.
5.5.2 Dark Matter Phenomenology
When the LSP is higgsino-like, the annihilation into WW is effective and eventually the thermal
relic abundance becomes small compared to the observed dark matter density of ΩDMh
2 ≃ 0.1
[77].














where we assumed the gauginos and the singlino are very heavy. It comes from the exchange
diagram of the lightest chargino. With only this annihilation process, the relic abundance is






for higgsinos with a few hundred GeV mass. Here s0 and ρC are the current entropy density
and the critical density, respectively. Thus, it is already difficult to explain ΩDMh
2 ≃ 0.1.
Furthermore, because the higgsinos are nearly mass degenerate, they co-annihilate and the
relic abundance becomes much smaller [78].
If we want to explain the correct relic abundance within this setup, we need either non-
thermal production of the higgsino-like LSP or mixing with the singlino or the bino.
When the LSP is a mixture state of the neutral higgsino, the singlino and the bino, the LSP
can have large couplings to the Z boson and to the Higgs boson, which would be suppressed
when the mixings both in the Higgs sector and in the neutralino sector were switched off.
These couplings are constrained by the direct search of the DM at XENON and LUX when it
dominates the DM density [74,75,79,80].
The relevant couplings are
yχ̃01 = y
ĥ





where yî11 and g11 are defined in eq. (3.76) - (3.79).
Then, the constraints on the spin independent (SI) and the spin dependent (SD) cross
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sections are given by



























2 is the relic energy density of χ̃01. These upper bounds are for a dark matter with
a mass of O(10) GeV but larger than 10 GeV. The constraints become a little weaker if we
increase the DM mass.
In Fig. 5.3, we plot the SI and SD constraints fixing (λ, µ, tanβ). The upper panels are for
λ = 0.52 and the lower ones are for λ = 0.3. The left panels are for µ = 120 GeV and the
right panels are for µ = 300 GeV. We take tanβ = 10. We assume θ1 = θ2 = 0,M2 = 1.9M1
and ΩLSPh
2 = 0.11. The brown region is constrained by the SI cross section and the orange
region is constrained by the SD cross section. The gray region is excluded by the chargino
search. The solid and the dashed lines correspond to m
χ̃01
= mh/2 and mZ/2, respectively.
When m
χ̃01
< mZ/2, the Z boson and the Higgs boson can decay into a pair of the LSPs, which
is the subject of the next chapter and thus we do not give the details here.
We can see that there are allowed regions by the direct detection experiments. The correct
relic abundance will be explained in several regions. One is the case where the LSP is singlino-
like and its mass is just below mh/2. In this case, the annihilation of the singlino-like LSP
becomes effective because of the resonance of the Higgs boson. Note that this allows the Higgs
boson to decay into a pair of the LSPs. The second case is that there are large mixing angles
in the neutralino sector. Since the bino-like and the singlino-like neutralinos overclose the
Universe and the higgsino-like never, there should be a point where the correct relic abundance
is explained. We do not go into the details, but there are such parameter regions [81].
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Figure 5.2: The numerical results for the maximum value of |µ|. The left panels are for (H) case
and the right panels are for (L) case. The top, middle and bottom panels are for tanβ = 5, 10
and 15, respectively. In the cyan region, |µ| < 100 GeV and the gray contours show |µ|max =
100, 200, . . . , 1000 GeV. The yellow regions do not have any solution for θ3 and the white region
indicates λ > 1. The red solid (dashed) contours indicate the 2σ preferred regions for the
ATLAS (CMS) data. Here we include the upper bound on |µ| and the lower bound on λ to
evaluate the radiative corrections from the charged higgsino. The blue lines show |⟨h|ĥ⟩|2 = 0.5
and ⊗ shows the origin.
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Figure 5.3: Constraints from the direct detection of dark matter fixing (λ, µ, tanβ). The
upper panels are for λ = 0.52 and the lower ones are for λ = 0.3. The left panels are for
µ = 120 GeV and the right panels are for µ = 300 GeV. We take tanβ = 10. We assume
θ1 = θ2 = 0,M2 = 1.9M1 and ΩLSPh
2 = 0.11. The solid and the dashed lines correspond to
m
χ̃01
= mh/2 and mZ/2, respectively. The gray region is excluded by the chargino search.
Chapter 6
Higgs Mixing in the Presence of
Higgs Invisible Decay
Since the PQ-NMSSM and the nMSSM do not have the Majorana mass of the singlino, the
LSP becomes very light. In such a case, the Higgs boson can decay invisibly into a LSP pair
and even into a LSP-NLSP pair. Furthermore, the Z boson can decay into a pair of the LSPs.
However, these decay widths are constrained by the experiments at the LEP and the LHC. In
this chapter, we show that the singlet-doublet mixing can increase the Higgs mass by a few
GeV compared to Mĥĥ even with such a light LSP. Here Mĥĥ = (M
2
ĥĥ
)1/2, which is defined in
the line below eq. (5.11).
In the nMSSM and the PQ-NMSSM, the superpotential and the soft terms at a low energy
are given by
W = (MSSM Yukawa) + λSHuHd + ξFS, (6.1)
and
− Lsoft = −LMSSMsoft |b=0 + (λAλSHuHd + ξSS + h.c.) +m2S |S|2. (6.2)
In this analysis, we assume the gauginos and the heavier Higgs bosons are very heavy to
illustrate the effects of the singlino-higgsino mixing and the singlet-doublet mixing.
6.1 Neutralino Mass and Couplings
Before going to our discussion, let us summarize the masses and couplings of the neutralinos.
When the gauginos are heavy, the neutralino mass matrix is given by 0 −µ −λv sinβ−µ 0 −λv cosβ
−λv sinβ −λv cosβ 0
 (6.3)
in the basis of (h̃d, h̃u, s̃).
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Their masses can be evaluated as
mχ̃01 ≃ ϵ









mχ̃03 ≃ mχ̃01 +mχ̃02 , (6.7)
where we omitted the sign of the masses.
Next we give the couplings of the Higgs boson and the Z boson to the LSP and the NLSP.
Using eqs. (3.76) - (3.79) and (6.4), we get
yĥ11 ≃
√
2λϵ sin 2β, yĥ12 ≃
λ
2




ϵ2 sin 2β, yŝ12 ≃ −
λ
2




ϵ2 cos 2β, g12 ≃
g
cos θW
ϵ(cosβ + sinβ). (6.10)
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the couplings of the mass eigenstates can be calculated as
yhij = y
ĥ
ij cos θ2 + y
ŝ
ij sin θ2 (6.13)
ysij = y
ŝ
ij cos θ2 − yĥij sin θ2. (6.14)
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6.2 LSP Properties
Since we have µ ≳ 100 GeV, the LSP becomes singlino-like in our setup. As given in the last












The NLSP is either a higgsino-like chargino or a higgsino-like neutralino, which are nearly
mass degenerate. When the higgsino-like neutralino is heavier than mχ01 +mZ but lighter than
mχ01 +mh, it dominantly decays into Zχ
0
1. When it becomes heavier than mχ01 +mh, it can also
decay into hχ01. Meanwhile, the higgsino-like chargino dominantly decays into Wχ
0
1 when it is
kinematically allowed. In this analysis, we assume the higgsino-like neutralino is the NLSP.
Since the LSP is singlino-like, the other SUSY particles will dominantly decay into the NLSP
and then it promptly decays into the LSP, giving a specific signal of singlet extensions [82].
Let us examine the constraint coming from the Z boson invisible decay width. Since the
NLSP is heavier than 100 GeV in our setup, the relevant decay mode is only Z → χ01χ01. Using


















MeV ≲ 2 MeV. (6.16)
for mχ01 ≪ mZ and moderately large tanβ. It validates the expansion in ϵ because it implies
ϵ ≲ 0.33.
When the mass gap of the LSP and the NLSP is larger than the Z boson mass, there is the
LEP constraint on e+e− → χ01χ02, which is roughly given by [68]
σ(e+e− → χ01χ02)× Br(χ02 → Zχ01) ≲ 70fb. (6.17)
The cross section for e+e− → χ01χ02 mainly comes from the s-channel Z exchange and it is
given by




































, E2i = q
2 +m2χ0i
. (6.19)
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Neutralino sector : tanΒ=5












Neutralino sector : tanΒ=10
Figure 6.1: The neutralino properties for tanβ = 5 (left) and 10 (right). We show the neutralino
mass with the blue dashed lines and σ(e+e− → χ01χ02) at
√
s = 209 GeV with the red solid
lines. The yellow region is excluded by the Z boson invisible decay. In the right side of the red
dashed line, mχ01 +mχ02 > 209 GeV.
Fig. 6.1 summarizes the neutralino properties for tanβ = 5 (Left) and 10 (Right). We show
the neutralino mass with the blue dashed lines and σ(e+e− → χ01χ02) at
√
s = 209 GeV with the
red solid lines. The yellow region is excluded by the Z boson invisible decay. The red dashed
line indicates mχ01 +mχ02 = 209 GeV.
As we can see, the constraint on e+e− → χ01χ02 is actually weaker than the constraint on
the Z boson decay and becomes much weaker if the decay into hχ01 is kinematically allowed.
6.3 Higgs Properties






2. Because such non-SM decay
modes reduce the Higgs signal strengths, they are constrained by the recent results at the LHC.
Assuming the partial decay widths of the other channels are SM-like, we have [70,71]
σh
σSMh
× Br(h→ inv.) ≃ Γh→inv.
Γh→SM + Γh→inv.
cos2 θ2 ≲ 0.37 (0.19), (6.20)
where the number in parentheses is the result of the global fit.
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for moderately large tanβ.
To evaluate their branching ratios, let us compare them with the partial decay width of
































Note that the bottom Yukawa coupling should be evaluated at the mass of the Higgs boson,
i.e. yb ≃ 0.019. It shows that if h → χ01χ02 is open, the invisible decay width would dominate
the Higgs decay width and thus is constrained severely. Thus, we consider the region where
h→ χ01χ02 is kinematically forbidden.
Since also the singlet can decay invisibly, we have to take it into our consideration. Since
s→ χ̃01χ̃02 is kinematically forbidden, we consider only s→ χ̃01χ̃01.


































Thus, the invisible branching ratio of the singlet is very similar to that of the Higgs boson. The
invisible decay width of the singlet will relax the LEP constraint on the light singlet.
Before proceeding further, let us summarize the parameter region of our interest, taking
account the constraints given above.
Let us first assume
120 GeV ≲ |µ| ≲ 300 GeV. (6.27)
Here the lower bound forbids h→ χ01χ02 and we focus on a small µ region to illustrate the effects
of the neutralino mixing.
The constraint from Z → χ̃01χ̃01 gives
λ ≲ 0.4, (6.28)
for the above range of µ.
Since h→ χ̃01χ̃01 becomes large at small tanβ, we focus on
5 ≲ tanβ. (6.29)
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We take the singlet mass to be
80 GeV ≲ ms ≲ 126 GeV, (6.30)
where the lower bound comes from the LEP search for a scalar boson.
We focus on the region
115 GeV ≲Mĥĥ ≲ 120 GeV (6.31)
corresponding the (H) case in the Chapter 5.
We impose
sin2 θ2 ≲ 0.3 (6.32)
since otherwise the Higgs signal strengths would become too small.
Let us examine the mass enhancement of the Higgs boson via the singlet-doublet mixing.
We choose two different parameter sets from the parameter region given above;
(I) : λ = 0.2, µ = 180 GeV, tanβ = 10, Mĥĥ = 120 GeV, (6.33)
(II) : λ = 0.1, µ = 130 GeV, tanβ = 15, Mĥĥ = 122 GeV. (6.34)
For these parameters, we have
(I) : mχ̃01 ≃ 1.3 GeV, mχ̃02 ≃ 183 GeV, ΓZ→χ̃01χ̃01 ≃ 0.21 MeV, (6.35)
(II) : mχ̃01 ≃ 0.3 GeV, mχ̃02 ≃ 131 GeV, ΓZ→χ̃01χ̃01 ≃ 0.05 MeV. (6.36)
Fig. 6.2 summarizes the Higgs properties. The left panel corresponds to the (I) case and the right
one corresponds to the (II) case. Here θ stands for θ2. The blue lines indicate ∆mh = mh−Mĥĥ.
The black dashed lines indicate the Higgs signal rate Rh and the green dotted lines indicate the
CP-odd singlet boson mass. The yellow region is excluded by the LEP limit on s→ bb. Because
of the invisible decay of s, the LEP limit is weakened and we show the constraint without the
invisible decay with the red dashed line.
Compared to the Higgs mass without Higgs mixing, the Higgs mass can be enhanced by
about 7 GeV at ms ≃ 95 GeV. However, the branching ratio of the Higgs invisible decay
becomes large and it has a tension with the global fit result of Br(h→ inv.) ≲ 0.19. Even with
the global fit result, we can increase the Higgs mass about 3 GeV.
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Figure 6.2: The Higgs properties in two cases: (λ, µ, tanβ,Mĥĥ) = (0.2, 180 GeV, 10, 120 GeV)
for the left panel and (λ, µ, tanβ,Mĥĥ) = (0.1, 130 GeV, 15, 122 GeV) for the right panel. The
blue lines indicate ∆mh = mh−Mĥĥ. The black dashed lines indicate the Higgs signal rate Rh
and the green dotted lines indicate the CP-odd singlet boson. The yellow region is excluded by
the LEP limit on s → bb. Because of the invisible decay of s, the LEP limit is weakened and
we show the constrain without the invisible decay with red dashed line.
Chapter 7
Summary and Conclusions
The singlet extensions of the MSSM naturally accommodate the 126 GeV Higgs mass with the
F -term associated with the singlet and the singlet-doublet mixing. We focused on the mixing
effects because it plays an important role in increasing the Higgs mass in a large parameter
region and has a great impact on the Higgs phenomenology at colliders.
In Chapter 5, we discussed the relation between the Higgs mixing and the higgsino mass.
We focused on the case where the MSSM Higgs H is not so heavy but heavier than 350 GeV
to evade the b → sγ constraint, and the singlet boson is lighter than the Higgs boson so that
the mixing between them can increase the Higgs mass. We pointed out that light higgsinos
around a few hundred GeV are expected in generic singlet extensions, taking into account the
constraint on a light scalar boson from the LEP experiments and the constraint on the Higgs
signal strengths from the LHC experiments. There are two main reasons for its smallness. One
is that λµ appears in the off-diagonal part of the Higgs mass matrix and it is constrained by
the stability of the singlet. The other is that λ2 should be large enough to explain the 126 GeV
Higgs mass together with the singlet-doublet mixing. This result has implication that the LSP
can be light and have a large higgsino component. Thus, it will be possible to search the LSP
at the future colliders and if the DM is explained by the LSP, we need to tune parameters or
rely on a non-thermal production of the DM.
In Chapter 6, we examined the Higgs mixing effects assuming the Majorana mass term of
the singlet is absent. We focused on the case where the gauginos and the heavier Higgs doublet
are very heavy. The LSP is singlino-like and it obtains a few GeV mass from the mixing with
the neutral higgsinos. Since it is very light, the Z boson and the Higgs boson can decay invisibly
into a pair of the LSP. Because of the constraint on the Z boson invisible decay width, we need
small λ and large µ to keep Z → χ01χ01 small. In addition, we consider the LEP constraint on
e+e− → χ̃01χ̃02 and then χ̃02 → χ̃01Z. However, it turned out to be weaker than the constraint
from the Z boson invisible decay. As for the Higgs properties, we saw that h → χ01χ02 would
dominate the Higgs decay width when it is kinematically open. Thus we need to take µ larger
than about 120 GeV. Using parameter sets that are allowed by these constraints, we showed
that we can push up the Higgs mass by 7 GeV with the singlet-doublet mixing, comparing with
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the Higgs mass without the Higgs mixing. However, the invisible decay width of the Higgs
boson becomes sizable and if we consider the global fit result on the invisible decay width, the
mass enhancement reduces to about 3 GeV. This enhancement is very important to explain the
Higgs mass without fine-tuning the Higgs mass parameters.
In summary, we investigated the possibility that the singlet boson is lighter than the Higgs
boson and the singlet-doublet Higgs mixing makes the Higgs boson heavy. From the viewpoint
of naturalness, positive contributions to the Higgs mass are very important because the Higgs
mass gives the most severe lower limit on the SUSY breaking scale. With Higgs mixing, there are
the chances of discovering a new light boson and seeing deviations of the Higgs signal strengths
from the SM values at the LHC and future colliders. Although we have not discovered any new
phenomena at the LHC, this scenario remains an attractive possibility and is worth considering.
We ascertained that it is truly feasible with or without the Higgs invisible decay. Furthermore,
we showed that the higgsinos tend to be light when the Higgs mass is mainly increased with the
Higgs mixing and there is no additional invisible decay modes of the Higgs boson. If the stops
are discovered in the next run of the LHC, we will need to search other particles vigorously and
our results will become more important.
Appendix A
χ2 Distribution
In this appendix, we summarize the χ2 analysis, which is used to combine the results on the
Higgs signal strengths.
Let us first review the normal distribution. The normal distribution is the distribution







where µ and σ are the mean and the variance of the normal distribution.
When X is a normal random variable with mean µ and variance σ, we denote it as
X ∼ N (µ, σ2). (A.2)
Theorem When X1, X2, . . . , Xk are independent normal random variables








is distributed according to the χ2 distribution with k degrees of freedom (DOF).










When A is distributed according to the χ2 distribution with k DOF, we denote it as
A ∼ χ2k. (A.6)
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Proof A. For k = 1, the probability of having Z < λ is given by






























1 + · · ·+Z
(k)
1 = S1+(S2−S1)+(S3−S2)+ · · ·+(Sk−Sk−1). (A.8)
Here
S1 < S2 < · · · < Sk. (A.9)
Then

















































The χ2 distribution has the following relation;
Z ∼ χ2i , Z ′ ∼ χ2j ⇒ Z + Z ′ ∼ χ2i+j . (A.12)
The proof is obvious from the construction.
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Using this, we can estimate the probability of having 0 < Z < ZM . It is given by
P (0 < Z < ZM ) =
∫ ZM
0







is a incomplete gamma function.
Let us discuss the application of the χ2 distribution to n independent experimental results.
The experimental observables Xi should have the exact values µi that are unknown. Mean-
while their variances σi should correspond to the statistic errors of the experiments.
First of all, we assume the theoretical results yi are the exact values of the observables,
namely
µi = yi. (A.15)
Assuming Xi ∼ N (yi, σ2i ), the probability of observing the experimental results xi can be
calculated as
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